The superelastic behavior of coil springs of a Ti-Ni shape memory alloy was investigated using loading-unloading cycling tests under isothemal temperatures. The effects of the Ni content and shape memory treatment temperatures on the cyclic behavior in the superelastic deformation were investigated. The deformation behavior within the elastic region of the parent phase scarcely changes during tensile cyclic loading. However, when a martensitic phase is induced by the stress, the deformation behavior changes considerably during cyclic loading. The critical shear stress for inducing martensites and the dissipated strain energy per cycle decrease with an increase in the number of cyclic loadings. Such changes in the superelastic behavior under cyclic loading become large with a decrease in the Ni content of the Ti-Ni shape memory alloy and the increase in the shape memory treatment temperature.
Introduction
Shape memory alloys are receiving attention in various fields. In areas such as engineering and medicine, the applications of shape memory alloys are being studied and are actually in use. [1] [2] [3] The coil springs of the Ti-Ni shape memory alloy are widely used for many applications because they can create a large deformation. However, in order to promote the further application of these springs, some improvements in the cyclic behavior are necessary.
The degradation in the cyclic behavior, in which the recovery stress decreases, the residual strain increases, and the dissipated strain energy per cycle decreases with an increase in the number of mechanical cycles, has been investigated. [4] [5] [6] [7] [8] In thermal cycles, the degradation in the cyclic behavior, including the decrease in the recovery stress and the transformation temperatures, has been investigated. 9, 10) These investigations pointed out that the mechanism used for the improvement of the characteristics is to suppress the introduction of dislocations by raising the critical stress for slip. Arrangements of alloy elements, heat treatments, etc, have been considered as factors that increase the critical stress for slip.
In this study, in order to clarify the cyclic nature of the superelastic behavior of the coil springs of the Ti-Ni shape memory alloy, the loading-unloading cycling tests were carried out under isothermal temperatures. The effects of the magnitude of the repeated shear strain, the Ni content, and the temperature of heat treatment for the shape memory on the critical shear stress for inducing martensites and the dissipated strain energy are discussed in the superelastic regime.
Experiment

Specimen
The specimens were coil springs made from Ti-Ni shape memory alloys. The fabrication procedure was as follows: TiNi ingots were made using a high-frequency induction vacuum furnace. The ingots were hot forged and hot extruded, which were followed by cold drawing and intermediate annealing to make wires with diameters of 1.0 mm. The final cold-work rate for wire rods was 34%. These wire rods were processed to coil springs without further heat treatments except for the shape memory treatment. The mean diameter of the coil spring was 10 mm and number of active coils was 10.5. The alloys were composed of Ti-50.12 at%Ni, Ti-50.39 at%Ni, and Ti-50.63 at%Ni and were annealed at 673, 723, and 753 K for 3.6 ks to memorize the shape at that time.
The transformation temperatures of the specimens were measured by the differential scanning calorimetry (DSC) and are shown in Table 1 . Table 1 Transformation temperatures of Ti-Ni alloys. Figure 1 schematically shows the stress-strain curve obtained from the first cycle of the cyclic tests of the coil springs in the superelastic regime. For the superelastic cyclic tests, the specimen was heated at an isothermal temperature T H (T H ¼ A f (Table 1 ) + 10 K) and was elongated to a length corresponding to a given maximum applied shear strain max (1.2% 4.4%), then the specimen was recovered by unloading. The superelastic cyclic tests were repeated for up to 200 cycles.
Experimental procedure
The shear stress and strain were obtained by the following equations, shear stress:
where D: mean diameter of coil spring d: wire diameter n: number of active coils : deflection P: load on spring : shear strain : shear stress:
The dissipation energy per cycle (E) was calculated from the hatched area shown in Fig. 1 .
Results and Discussions
Effects of the Ni content and the heat treatment
temperature on functions of shape memory alloys in the superelasic regime Figure 2 shows the stress-strain curves obtained by coil spring specimens of Ti-Ni shape memory alloys with various Ni contents and temperatures of the heat treatment for shape memory (T HT ) in the superelastic regime.
It is well known that an increase in the Ni content has the effect of decreasing the transformation temperature and that T HT influences the transformation temperature. The variation in the transformation temperature during thermal loading is reflected in the variation in the critical shear stress required for inducing martensites ( Ms ) during mechanical loading at a given temperature.
According to the definition shown in Fig. 1 , the Ms values and the E values were obtained from stress-strain curves shown in Fig. 2 . Figure 3 shows the variation in Ms at N ¼ 1 cycle with (a) the Ni content and (b) T HT . The Ms value decreases considerably with an increase in the Ni content, and slightly increases with the increase in T HT . The decrease in the Ms value with an increase in the Ni content is due to the decrease in the elastic shearing modulus with an increase in the Ni content. The shearing moduli were 26 GPa, 25 Gpa, and 22 GPa for Ti-50.12 at%, Ti-50.39 at%Ni, and Ti-50.63 at%-Ni respectively.
The variation in E shows the same tendency as the critical shear stress Ms , as shown in Fig. 4 . The E value decreases considerably with an increase in the Ni content, and it increases moderately with the increase in T HT . The E value decrease with an increase in the Ni content is because the reverse transformation stress becomes large with an increase in the Ni content. It was pointed out 8) that for Ti-Ni alloys with the Ni content exceeding 50.5 at%, the precipitation of Ti 3 Ni 4 appears in the alloy on aging and it makes the reverse transformation stress large.
Cyclic behavior 3.2.1 Effect of maximum shear strain
In order to investigate the cause for the effect of cyclic loading on the mechanical behavior of the coil springs of TiNi shape memory alloys, the superelastic cyclic tests were carried out for various maximum applied shear strains. Figure 5 shows the superelastic cyclic stress-strain curves at (a) the max value within the range of elastic deformation and (b) and (c) at the max values within the range of stressinduced transformation. The effect of cyclic deformation is not observed in the elastic deformation. On the contrary, its effect appears during the cyclic deformation accompanying the stress-induced transformation, and its extent depends on the repeated strain level (and also on the level of the applied stress). In Fig. 5 (b) and (c), the shape of the hysteresis loop of the stress-strain curve changes by the repetition of strain. It is understood that the change in the hysteresis loop is because the stress-induced martensites are damaged by cyclic deformation. Figure 6 shows the effect of cyclic deformation on (a) the residual strain p and (b) Ms and E for various max values.
The p values are normalized by max , and Ms and E data are normalized by the values of the first cycle. They are shown as functions of the number of cycles. The p value increases with the increase in the number of cycles and the max values. The Ms and E values decrease with the increase in the number of cycles and the max values. From these results, it is understood that the amount of the stressinduced martensites influences the degree of functional degradations. It is reported that slip deformation occurs during the deformation process of specimens, 11) all of the stress-induced martensites do not disappear, and the residual martensites remain after unloading. The residual martensites increase with the number of cycles. 8) Therefore, slip deformation and residual martensites are considered to be the causes for the residual strain, which increases with the number of cycles. Furthermore, the cause for the degradation in Ms , which decreases with the number of cycles is thought to be due to the internal stress formed by slip deformation.
Effect of Ni content
Ti-Ni alloys with Ni content exceeding 50.5 at% decompose on aging at a temperature below 973 K. Further, three phases of Ti 3 Ni 4 , Ti 2 Ni 3 , and TiNi 3 appear in this sequence, which is in the increasing order of the Ni content of the product phases. The precipitation of Ti 3 Ni 4 strengthens the matrix and improves the recoverability of the shape memory effect. 12) Figure 7 shows the effect of cyclic deformation on (a) p and (b) Ms and E for various Ni content. The effect of cyclic deformation depends on the Ni content. The degree of degradation (increase in p , decrease in Ms and decrease in E) decreases with the increase in the Ni content. The critical stress for slip is considered to be increased by increasing the Ni content. In case of 50.63 at% Ni, it is thought that Ti 3 Ni 4 is precipitated and the critical stress for slip is raised. 3.2.3 Effect of the temperature of heat treatment for shape memory Figure 8 shows the effect of cyclic deformation on (a) p and (b) Ms and E for various T HT values. It is worth noting that the degradation is suppressed at low T HT values. This result indicates that when the T HT value is high, the hardening due to a high density of dislocations is not responsible for the increase in the critical stress for slip. tion. However, when the cyclic number is beyond 100, the changes are hardly significant. This behavior of the coil springs is the same as that of wire specimens.
8)
Conclusion
The effects of the magnitude of the repeated strain, the Ni content, and the temperature of heat treatment for shape memory on the cyclic superelastic behavior of coil springs of Ti-Ni shape memory alloys was investigated by experimentation.
The results are summarized as follows. (1) The deformation behavior within the elastic region of the parent phase scarcely changes during the tensile cyclic loading. However, when the martensite phase is induced by stress, the deformation behavior changes considerably during cyclic loading and the functional degradation occurs with the number of cyclic loading. (2) The functional degradation depends on the magnitude of the repeated maximum shear strain, the Ni content, and the temperature of heat treatment for shape memory. The functional degradation increases with an increase in the magnitude of the repeated maximum applied shear strain, a decrease in the Ni content, and the increase in the temperature of heat treatment for shape memory. (3) The superelastic behavior changes considerably in the early stage of cyclic deformation. However, when the cyclic number is beyond 100, the changes are hardly significant.
